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On the Relations between the Safe Load and the Ultimate Strength of Iron. 
BY ZERAH COLBURN. 

From the London Artizan, April, 186a. 

A great number of experiments have been made by many.experi- 
menters to ascertain the ultimate resistance of iron to tension and 
compression, and its strength has thus been determined with perhaps 
as much precision as is possible in the case of a material presenting 
almost constant variations of quality. Every engineer is now aware 
that, as an average result, the tensile strength of good cast iron may 
be taken as about 8 tons per square inch, and its crushing strength as 
48 tons.' Wrought iron of fair quality will bear not far from 22 tons 
per square inch in tension, while its crushing strength is variously 
stated at from 12 or 15 tons per square inch up to 28½ tons, the last 
named being given by Mr. Mallet as the result of experiments upon 
large hammered bars which bore but from 23 tons to 24 tons in ten- 
sion. 

When, however, we come to the question of safe working strength, 
much difference of opinion exists among engineers, the permanent sup- 
porting power of iron being variously estimated at from four-tenths 
down to one-tenth of its breaking strength. Thus when, some fifteen 
years ago, a royal commission sat to inquire into the application of 
iron to railway structures, the late Mr. Gtynn, in his evidence, recom- 
mended that a cast iron bridge should never be loaded beyond one- 
tenth of its ultimate strength. The ]ate Mr. Stephenson, with several 
other engineers, thought a ratio of one-sixth sufficient, while the late 
Mr. Brunel was satisfied with a ratio of from two-fifths to one-third ; 
or, in other words, if a girder would just bear 100 tons of distributed 
load, he would put from 33 tons to 40 tons upon it, where Mr. Ste- 
phenson would allow not more than 17 tons and Mr. Glynn only 10 
tons. 

Were we now to have another commission entrusted with the same 
inquir5~ , it is not unlikely that as great a difference of opinion would 
be found still existing. For there is no acknowledged natural princi- 
ple upon which the safe load of iron has yet been determined, and irt 
the absence or oversight of such a principle each engineer must be 
governed by his own judgment of what is safe and prudent. It is true 
that the authority of the Board of Trade has been so far exercised in 
this matter as to have limited engineers, in the design of wrought iron 
railway bridges, to maximum tensile strains of 5 tons per square inch; 
and although it is commonly believed that with wrought iron a com- 
pressive strain of from 4 tons to 4½ tons corresponds to a tensile, strain 
of 5 tons, the Board of Trade impose the same limit of strain for both 
the top and bottom chords of a wrought iron girder. The limit of 5 
tons per square inch, it is hardly necessary to say, is an entirely ar- 
bitrary one, nor is it modified according to the quality of the iron and 
workmanship in a structure. Thus, in girder bridges, plate iron is 
used of which the breaking strength is occasionally not more than 18 
tons per square inch. In punching the rivet holes, however, and irre- 
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speetive of" the loss of metal actually punched out, the solid iron re- 
maining between the holes is injured, so much so that, in a series of 
experiments made many years ago by Mr. ]~airbairn, the mean ten- 
sile strength of seven specimens was reduced from 52,486 lbs. per sq. 
inch before punching to 41,590 lbs. per square inch of solid iron lef~ 
between the holes after punching,--more than 20 per cent. of the 
strength of the iron being destroyed by punching, a loss distinct from 
that of the metal actually punched out. Drilled rivet holes, it is satis- 
factory to know, are now being adopted in the best class of bridge 
work, but in bridges already erected and containing plates occasion- 
ally no stronger than 18 tons per square inch before punching, the 
loss of strength ascertained by Mr. Fairbairn, would diminish this to 
about 14½ tons for the net section of metal between the rivet holes. 
On the other hand, the best supension bridge links have a strength 
of from P.6 tons to 28 tons per square inch of section, and yet the 
:Board of Trade inspecting officers would not probably depart from 
the arbitrary limit of a. maximum strain of 5 tons in either case. As 
far, theiefore, as is necessary to meet the requirements of the autho- 
rities, good iron and sound workmanship go for little or nothing; and 
not only does this remark apply to the interference of the Board of 
Trade, hut, in the case of Chelsea Suspension Bridge, the chains of 
which are believed to have a tensile strength of upwards of 25 tons 
per square inch, two of the le~,ding members of our profession have 
declared that structure to be unsafe until it shall have been so 
strengthened th,~t the greatest load which the heaviest trattlc is likely 
to bring upon it shall not exceed 5 tons per square inch of the sec- 
tional area of the chains. The highest authorities, we are justified in 
supposing, would, at the same time, be satisfied with the same maxi- 
mum strain in the chords of a plate girder bridge, even if the actual 
breaking strength of the solid iron between the rivet holes did not, as 
we have reason to believe it often does not, exceed 15 tons, or three- 
fifths that of the links of Chelsea Bridge. 

From the illustrations given, the elasticity of solids appears to be 
no mere than the range or play of the attractive and repulsive forces 
of matter, as variably exerted, but within the limits of rupture or 
crushing. Thus elasticity is the same in kind whether the repulsive 
or separating force be externally applied, or whether it be that of heat 
acting between the molecules of the body. I f  a bar of good wrought 
iron be stretched to the one-thousandth part of its length, correspond- 
ing, say, to a strain of ten tons per square inch, its elasticity will be 
fully excited or nearly so, and it will not support a much greater 
strain without taking a permanent set. I t  is true that, if the same bar 
of iron, when not under strain, be heated to from 150 ° to 200 ° above 
its normal temperature, it will also elongate by one-thousandth part 
of its length, and that without injury. But if this elongation take 
place under a compressive strain, or, if the iron, first raised in tem- 
perature by 200 ° and thereby elongated, be attached to two fixed 
points, and thus, while cooling, be made to contract under strain, it 
will be found that an elongation of not far from one-thousandth of the 
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original length of the bar is the most that can be borne without inju- 
ry, even when t-hat elongation is due to heat alone. But if the iron be 
fi~'st hearted sufficiently to soften it, as railway tyres and gun hoops 
are heated, the particles will be re-arranged, and, within certain lim- 
its, without injury ; but after the metal has once cooled below the tern. 
Der~ture t~t which the particles have the mobility necessary for this 
re-arrangement, any further contraction around art unyielding object 
will be attended with permanent, and, there is reason to believe, inju. 
rious str:fin. Even in setting railway tyros, it is believed to be best to 
put then l on cold, and under graduated pressure, and in the case of 
gun hoops, Captain Blakely and Mr. Mallet, who appear to be enti. 
tled to tke credit of the modern system of the ringed construction of 
artillery, have always insisted upon the importance of a definite de. 
gree of shrinkage of each ring, so that the consequent strain shall not 
exceed the elastic limit of the material. Sir William Armstrong haa 
stated that he does not consider any special accuracy essential in the 
distribution of the strains imparted by shrinking his gun hoops upon 
each driver, but it may be questioned how far tllc failures of so many 
of the Armstrong guns have been due to neglect in this respect. 

It would be interesting to know the precise manner in which a se. 
parating strain acts upon the molecules of iron, or rather to know the 
success/re positions of the atoms during the application of the strain, 
We are, however, without any positive knowledge of the positions 
which the atoms assume in solidification and under subsequent forging, 
but the multifarious forms in which all atoms visibly crystallize serve 
to show us that they cannot all be at equal distances from each other 
throughout the whole body. I f  they were, the arrangement would be 
that of cannon balls in a triangular pyramidal pile, Could we visibly 
represent the atoms, as occupying the angles of an infinite number of 
equilateral triangles, we should understand that a linear strain acting 

:to separate any two of the atoms would, at the same time, draw e. 
third atom, if not a number of atoms partly between them. And when, 
from this intrusion, the repulsive force, or heat, always enveloping the 

intruding atom, had once overpowered the attractive or cohesive force 
existing between the two atoms thus strained apart, these would, in 
turn, cohere anent- to the atom which had been drawn in between 
them, and thus we should have a permanent re-arrangement of the 
atoms, or, in other words, a permanent set, with permanent elonga- 
tion in one direction, and permanent contraction in a plane at right 
angles thereto. That the atoms are thus drawn into parallel rows of 
straight lines, in many kinds of iron at least, seems evident from the 
~:appearance of fracture, which presents stringy collections of particles 
forming what is commonly called fibre, although there is great reason 
for doubting that any thing like fibre existed in the iron before it was 
broken. Mr. Kirkaldy's recent extensive experiments appear to show, 
as many others have shown, that iron may be made to break short or 
:to break with an appearance of fibre, just  according as it is broken 
with a sudden blow or a gradual pull. Something like fibre may ba 
imparted, on a coarse scale, by repeated rolling or in wire.drawing, 

17 ~ 
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but it is more probable that masses of atoms are thus drawn into 
strings than that any fibre is really imparted to the atomic arrange- 
ment itself. 

I t  is commonly held that, within certain limits of strain, iron is per- 
fectly elastic. There are high authorities, however, who maintain that 
iron takes a permanent set under even very moderate strains. I f  we 
are to understand that the set is exceedingly small, this may be true. 
The late Mr. Hodgkinson, for example, remarked, on tile 381st page 
of his "Exper imental  Researches," that two cast iron beams took 
each a permanent set with weights respectively equal to one-fifty-se- 
venth and one-eightieth of the breaking weight. In a discussion at 
the Institution of Civil Engineers, a Mr. Dines mentioned that he had 
tested upwards of 8000 east iron girders for the late Thomas Cubitt, 
and that he found it hardly possible to apply a weight so small as not 
to produce some permanent set, one-twentieth of the breaking weight 
producing a perceptible set. In the experiments of the Iron Commis- 
sion at Portsmouth a bar of annealed wrought iron 50 fee~ long was 
said to have taken ,~. perceptible set with a weight of less than 1} tons 
per square inch. After this weight had been doubled, however, the 
set was still only perceptible ; and notwithstanding that the elasticity 
of annealed iron is known to be inferior to that of unannealed bars, 
the whole set of the 50 feet liar was but the ' part of one inch, af- 2 5 g  

t e r a  strain of 8} tons per square inch h'~d been borne; and the set 
was 1out the :a~d of an inch in 50 feet after a strain of 11'9 tons per 
square inch. Mr. Edwin Clark has experimented on a wrought iron 
bar 10 feet long and 1 inch square. Under a strain of 3 tons per sq. 
inch he gives a permanent set of nearly the a ~  part of an inch in 
10 feet. With 8 tons the permanent set is given as about the i~g~ of 
an inch in 10 feet, and it was not until a strain of 13 tons per square 
inch had been applied that a set of ~., inch in 10 feet became appa- 
rent. With such exceedingly minute measurements, we may, perhaps, 
doubt if there was really any permanent set at all, with strains under 
9 or 10 tons per square inch. An increase of temperature in the bar 
of perhaps a single degree, while the measm'ements were being made, 
~vouht more than account for some of the reported sets, even under 
considerable strains. Ttms Mr. Edwin Clark gives the permanent set 
of his bar, after a strain of 8 tons per square inch, as the Ta-a~s-a~ part 
of its length, and this is almost exactly what the extension of the bar 
would have been had its temperature been raised but a single degree 
between the observations. Iron is heated in the very act of straining 
it, and a sudden breaking strain will generally leave the broken ends 
too hot to be handled. ~ueh ,~ slight apparent extension might also 
have occurred while the shackles toy which the bar was strained were 
coming to their bearings. ]~ut even if such a microscopic permanent 
set really existed, it is one of which no engineer would take the slight- 
est serious notice as affecting the strength of the bar in which it was 
observed. With the means of measurement eommonty employed by 
engineers, ordinary wrought iron is sehlom permanently stretched un- 
tii after it has borne strains of upwards of 8 tons per square inch. In 
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seven experiments by :Professor ]3arlow, on wrought iron bars 10 feet 
long,'two of them retained their full elasticity under u strain of 11 
tons per square inch, three bars bore 10 tons without injury, while 
one bore J,~ tons, and another, made fi'om old furnace bars, did not 
retain its elasticity beyond a strain of 8}  tons per square inch. Al l  
the links for Pesth Suspension ]~ridge, upwards of 5000 in number, 
and 12 feet long from centre to centre were tested without permanent 
set up to 9 tons per square inch, and those of Chelsea Suspension 
:Bridge were tested, without permanent elongation, up to 13~- tons per 
square inch. Mr. Edwin Clark, from the results of his experiments, 
considers that the limit of elasticity of wrought iron is 12 tons per 
square inch, and ttfis appears to have been adopted by him both for  
bars having a breaking weight of 24 tons and for plates having ,~ 
breaking weight of 20 tons. Every chain cable purchased by the Ad- 
rairalty is tested up to 11"46 tons per square inch of the metal in each 
side of the link, the standard test being 6;10 pounds for each circular 
one-eighth inch of the diameter of the iron of which the cable is made, 
one-half of this strain coming upon each side of the link. The iron of 
which the eables are made does not, as a rule, take any permanent 
set when strained to this amount, or, to say 11½ tons per square inch. 
Mr. Howard has stated that the best iron begins to stretch perma- 
nently under about 10 tons per squa.re inch in 10 feet lengths, al- 
though he occasionally tests up to 15 tons or 16 tons per square inch, 
the breaking weight being from 26 to 28 tons. Mr. Mallet, about four 
?'ears ago, presented to the Institution of Civil Engineers the results 
of a valuable series of experiments on wrotight iron and puddled steel, 
from which it appeared that the elastic limit and the breaking strain 
under tension were, in the ease of certain samples, as follows : - -  

H a m m e r e d  slab or bar, 12 ins .  b y  4 ins. 
" b a r .  

Rolled slab or bar, 12 in's. b y  4 i£s.  
" b a r ,  . . . 

Fagoted forged slab, 4 feet b y  1 foot, 
O r i g i n a l  f a g o t  ba rs ,  tIorsfall g u n ,  
Longitudinal cu t ,  f o r g e d  mas~,  

Circumferential " " 

Transverse " " 
Charcoal rolled bar from borings "from the H o r s f i d l  

Elastic 
limit. 

r [ ~ O l l S  , 

15.312 
14 .219 
10.9'37 
10.987 
8-75O 

1'_).t)81 
{).844 

1{1'987 
6.5(;0 
5 .470  
3 '281  

,~un, 5 .470  

Breaking 
we, i g h t .  

Tel-iS.  

24 .062  
oO q '( ~~,, bA 
22 ':)69 
22 "969 
18"5!~4 
2 l ' 8 7 5  
19'~;88 
17 ' 900  
1 ~;'4U(; 
1(5"71¢; 

6 5U2 
22.321 

Sir Marc 13runel made a number of experiments on Yorkshire iron, 
hammered to small dimensions, or from :~-in. to ½-in. square. A very 
high elastic limit was obtained, as follows: 

Mean of ten bars began to stretch with 22"2 tons per square inch, 
the mean breaking weight being 30"4 tons per square inch. With ten 
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other bars the mean strain at which they began to stretch was 24"4 
tons, the breaking strength being 32'3 tons per square inch. I t  is to 
be borne in mind, however, that these bars were reduced by the ham- 
mer only at the centre of their length, and that therefore, the stretch- 
ing couhl be observed upon but a very small part of their length. Mr. 
John A. Roebling, the engineer of the Niagara Suspension Bridge, 
has made experiments upon bars shnilarly drawn down to a-in. square 
at the centre, the breaking weight being 33 tons per sq. inch; these 
bars bore a strain of 20} tons per square inch with visibly stretching, 
and when no .jar was given to the bars they would support the strain 
for a week. Upon any vibration, however, the bars immediately took 
a permanent set. 

Under strains, however, considerably within the elastic limit, a gra- 
dual re-arrangement of the particles of the iron commences; and if 
the strain be continued sufficiently long, permanent set will after 
awhile take place. The late M. Vicat, whose work on limes and roof 
tars is so well known, began as early as 1830 to investigate the effect 
of continued strains on unannealed iron wire. IIe applied various 
strains to similar wires of a known breaking strength, and continued 
these strains from July, 18:30, to October, 1833. One wh'e was strain- 
ed to one-fourth its breaking weight, but beyond the elongation which 
at once took place no additional stretching occurred in thirty-three 
months. A second wire was strained to one-third of its breaking 
weight, and in thirty-three months it stretched at the rate of 2~} parts 
in every 1000 parts of its length, this stretching being additional to 
that which took place as soon as the weight was applied, but which, 
of itself, was not sufi]cient to immediately produce any permanent set. 
Under a strain of one-half of the breaking weight another wire was 
stretched rather more than 4 parts in every 1000 parts of its length. 
Under a strain of three-fourths of the breaking weight a fourth wire 
stretched, in thirty-three months, 6} parts in every 1000 parts of its 
length, and then broke, which circumstance terminated the experi- 
ments. M. ¥icat 's  account of them appeared in the 54th volume of 
the second series of the AnnMes de Ctdmie et de Ph~Is@~e. It  is to 
be regretted that, in place of the constantly recurring experiments 
upon the breaking strength of iron, and which, as is already begin- 
ning to b ~ understood, give us but a very partial knowledge of its 
available working properties, we have not a larger experimental ac- 
quaintance with the continued supporting power of iron, ns afforded 
by experiments similar to M. Vieat's. Mr. Fairbairn, it is true, made 
an extensive series of experiments between the years 1837 and 1842, 
to ascertain how long bars of cast iron would support weights equal 
to about nineteen-twentieths of their breaking weight. By taking care 
to prevent any vibration in or about the bars, several of them contin- 
ued, for five )'ears and upwards, to support nearly their full breaking 
weight. Their deflection steadily increased, however, during the whole 
time, and Mr. Fairbairn has stated that some of these bars afterwards 
broke with but one-twentieth of their original breaking weight. As 
bearing upon the lasg mentioned circumstance, it may be remarked 
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that M. Vieat, writing in 1833, observed that M. Henri, an engineer 
s(~rving in Russia, had already shown that iron which had once with- 
stood a great proof strain, often broke some time afterwards under a 
much less strain. This fact must indeed have been known to practi- 
cal men even earlier than in 1830. 

(To be Continued.) 

.Proceedings of the As,~oeiation for the -Prevention of S~eam Boiler 
5Explosions, Manchester. 

From the London Mechanic's Magazine, February, 1863. 

('Continued from p. 104.) 

Water-Gauge~.--The recommendation previously given to fix du- 
plicate water-gauges to every boiler, and to have the passage in the 
necks as large as possible, can only be repeated, in the present in- 
stance, with the additional force which another year 's inspection gives, 
and many furnace crowns would have been saved by the timely adop- 
tion of these simple precautions. The taps of glass water-gauges are 
almost always found to leak ; this can be greatly remedied by having 
them fitted with nut-glands packed with a little cotton, while the grit, 
~'hich so soon cuts away the plugs, would be much lessened by tile 
adoption of surface blowing-out. 

Pressure-Gauges.--All the pressure-gauges fixed to the boilers un- 
der inspection are checked by a standard indicator at each of the in- 
spector's visits, provided that the boilers are fitted with the necessary 
tap. Thus the accuracy of most of the pressure-gauges passes constant- 
ly under review. 

Generally, they are found to indicate too high a pressure, but, in 
some cases, as much as from 10 to 15 pounds too little ; the first error 
leading to their being disregarded, and the second to actual excess. 

The pressure-gauges under inspection are, with but a few excep- 
tions, of four classes, namely, the natural mercurial column gauge;  
the mercurial differential gauge ; the dial gauge ; and the compressed 
air gauge. 

The natural mercurial column gauge stands first upon the list for 
accuracy, as its simple and direct construction wouhl indicate. 

The differential merem'ial gauge is of inverted syphon construction, 
the short leg being of larger diameter than the long one, and thus the 
mercury has less travel in the former than in the latter. The indica- 
tions of pressure are read off from the short leg, which considerably 
reduces the length of the index scale of pounds, and those of the best 
class of this gauge are very legible. In one class of differential gauge, 
however, the mercury enters the glass indication tube, which becomes 
very much discolored in consequence, and, in some cases, quite opaque ; 
while at the same time the glass stands off so far from the index face, 
that it can only be read accurately when the eye is placed on a level 
with the upper surface of the mercurial column. In another class of 
this differential gauge the mercury does not enter the glass tube at all, 


